The present study aims to investigate the effects of addition of Mn to Ti-Cr-V alloys on their protium absorption properties and to find the design criteria for increasing effective protium capacity. The effects of V and Mn content of the alloys on the protium absorption properties of heat-treated Ti-Cr-V-Mn alloys in low pressure regions were studied at various temperatures, and it was found that increasing Mn content and decreasing V content unstabilize protoride in low pressure region. The PCT curves from low pressure plateau region (10 −1 -10 5 Pa) to high pressure plateau region (10 5 -10 7 Pa) shifted to the side of low protium concentration. It was found that the addition of Mn or decreasing V content in the alloys is effective for increasing effective protium capacity.
Introduction
Protium (hydrogen atom) storage alloys are considered to be promising candidates for use as hydrogen storage tanks for fuel-cell automobiles. Presently used LaNi 5 protium absorbing alloys have the protium capacity of about 1.4 mass%. 1) But the capacity is too low to applied to hydrogen tanks for fuel cell automobiles. Therefore, Japanese WE-NET project aims to have an effective protium capacity of more than 3.0 mass% protium below 373 K.
Actually, the protium capacity of V-based solid solution shows the high absorbing capacity of nearly 3.8 mass%, then V-based alloys seem to be promising candidate for achieving the WE-NET target.
Iba et al. [2] [3] [4] reported that a Ti-35 at%Cr-40 at%V (at% will be abbreviated hereafter) alloy with BCC structure could desorb about 2.4 mass% protium. In addition, Tominaga et al. [5] [6] [7] [8] investigated the influence of additional Mn for protium absorption-desorption properties of Ti-Cr-V alloys, and found that effective protium capacity of these alloys increases by the addition of Mn.
There have been few reports about PCT (Pressure Composition Isotherm) curves of pure V metal and V alloys in low hydrogen pressure regions. V and V-based alloys form two type protorides, mono-protoride VH and di-protoride VH 2 . The equilibrium pressure of hydrogenation between V and VH is too low to desorb protium at room temperature. After an absorbing-desorbing cycle between atmospheric and high pressure, the amount of protium remained in the alloy reaches 1.2-1.6 mass% protium, 9) that is the stable VH. Then it is very important to know how to unstabilize the stable protoride in low hydrogen pressure region.
Therefore, the purpose of this investigation is to study the effects of addition of Mn to Ti-Cr-V alloys on their protium absorption properties by measuring PCT curve from low pressure (10 −1 Pa) to high pressure (10 7 Pa) and to find the principle to increase the protium capacity.
Experimental Procedures
The alloys were prepared by arc melting on water-cooled copper hearth under pure argon atmosphere. Purities of raw materials were as follows: V > 99.95 mass%; Ti > 99.99 mass%; Cr > 99.995 mass%; Mn > 99.9 mass%. Ingots were remelted five times in order to improve their homogeneity. The samples were heat-treated under pure argon atmosphere for 1 h at 1673 K and were quenched into iced water.
Phases of alloys were determined by X-ray diffractmeter (XRD) using Cu-Kα radiation. As a result, all alloys turned out to be BCC single phase. In high hydrogen pressure (10 5 -10 7 Pa) region, the PCT curves were measured at 313 K or 368 K using a Sieverts-type apparatus. On the other hand, in low hydrogen pressure (10 −1 -10 5 Pa) region, PCT curves were measured at 313 K or 368 K using a vacuum Sievertstype apparatus with turbo molecular pump to evacuate a sample cell. At first samples were activated at high hydrogen pressure, and then measured at low hydrogen pressure region.
Results and Discussion
Starting composition of the present study was Ti-Cr-20V, where Ti : Cr ratio was fixed as 2 : 3. At first, the effects of Mn addition to the alloys on their protium storage properties were investigated. Figure 1 shows the PCT curves at absorption process of heat-treated Ti-Cr-20V-xMn (Ti : Cr = 2 : 3, x = 0-15) alloys at 313 K. In high hydrogen pressure region (10 5 -10 7 Pa), plateau pressure increases as Mn content increases. This is due to decreasing lattice constant with increasing Mn content since the radius of Mn atom is smaller than that of average of Ti and Cr atoms (Ti : Cr = 2 : 3). The protium concentration at 10 5 Pa (atmospheric atmosphere) decreases with increasing Mn content. But the protium capacity at 10 7 Pa decreases with increasing Mn content. In addition, the curves from low pressure plateau to high pressure plateau, which consists of mono-protoride single phase, shifted to the side of low protium concentration as Mn content increases. This means that the hydrogen equilibrium pressure of the mono-protoride with same amount of protium increases with increasing Mn content. This indicates that Mn addition to the alloys unstabilizes low pressure protoride with same amount of protium. The maximum protium capacity of the alloy containing 15 at%Mn decreases considerably. These results suggest that 10Mn alloy has higher effective protium capacity than other studied alloys. Hereafter, 10Mn-added alloys are studied.
For application of the alloys to hydrogen storage tanks, it is considered to desorb hydrogen at higher temperature than that of absorption process in order to obtain good efficiency. Therefore the alloys with larger decrement of the absorption capacity with increasing temperature will achieve the higher less and 10Mn alloys from low pressure region to high pressure region shift to the side of low protium concentration as temperature increases. By comparing the hydrogen equilibrium pressure at 313 K with one at 368 K for 10Mn alloys at same protium concentration, the pressure increases with increasing temperature. The pressure increment of 10Mn alloy was larger than that of Mn-less alloy. Therefore, it can be said that for 10Mn alloys increasing temperature unstabilizes mono-protoride, and Mn added alloy desorb larger protium with increasing temperature than Mn-less alloy. Figure 3 shows the PCT curves at absorption process in high pressure region (10 5 -10 7 Pa) of Ti-Cr-xV (Ti : Cr = 2 : 3, x = 20-80) alloys at 313 K. Plateau pressure decreases as V content decreases. However, protium capacity almost unchanged with changing V content. Figure 4 shows the PCT curves at absorption process in high pressure region (10 5 - 
10
7 Pa) of Ti-Cr-xV-10Mn (Ti : Cr = 2 : 3, x = 20-80) alloys at 313 K. When V content of the alloys is 40-80 at%, plateau pressure decreases with decreasing V content as same as that of alloys without Mn. In addition, Protium concentration at 10 5 Pa of these alloys containing 10Mn decreases as V content decreases. These results suggest that decreasing V content for 10Mn alloys is effective in decreasing protium capacity in low pressure region, namely, in increasing protium capacity in high pressure region.
The effect of V content on protium absorption properties of Ti-Cr-V-Mn alloys at various temperature and low pressure region were investigated. The PCT curves at absorption process in low pressure region (10 −1 -10 5 Pa) of heat-treated TiCr-xV-10Mn alloys (Ti : Cr = 2 : 3, x = 20-80) at 313 K and 368 K are shown in Fig. 5 . Low pressure plateau region of these alloys decreases with decreasing V content. This indicates that decreasing V content narrows mono-protoride plateau region. The curves of corresponding region of these alloys sift to the side of low protium concentration with increasing V content. The hydrogen equilibrium pressure at same protium concentration at constant temperature increases with decreasing V content. In regard to temperature, the curves of corresponding region of these alloys shift to the side of low protium concentration with increasing tempera-ture. As a result, the low pressure plateau region of the alloy with 20 V at 368 K vanishes. Protium concentration at 10 5 Pa of these alloys is shown in Table 1 . Differences of protium capacities at 10 5 Pa became large with decreasing V content, namely, 20 V alloy desorb larger protium with increasing temperature. Therefore, it is desirable to decrease V content at high temperature in order to obtain the large amount of protium at desorption process. Figure 6 shows the PCT curves at absorption process of TiCr-V-Mn alloys at 313 K. In the PCT curves of these alloys with more than 40%V, almost no obvious differences can be observed with varying Mn content, but the PCT curve of the alloys with 20%V varies with changing Mn content.
Conclusion
The effects of Mn addition to Ti-Cr-V alloys on their protium absorption properties have been investigated. The design criteria for increasing effective protium capacity have been considered as follows;
(1) The protorides in low pressure region of Ti-Cr-20V-xMn alloys become unstable with increasing Mn content. The 10Mn alloy has the highest effective protium capacity in this study.
(2) The increasing of measurement temperature unstabilizes low pressure protoride, resulting in increasing the effective protium capacity of the alloys.
(3) Low pressure region decreases with decreasing V content, resulting in increasing the effective protium capacity.
